A new empirical potential has been derived to model an Ag-Zn-O system. Additional parameters have been included into the reactive force field (ReaxFF) parameter set established for ZnO to describe the interaction between Ag and ZnO for use in molecular dynamics (MD) simulations. The reactive force field parameters have been fitted to density functional theory (DFT) calculations performed on both bulk crystal and surface structures. ReaxFF accurately reproduces the equations of state determined for silver, silver zinc alloy and silver oxide crystals via DFT. It also compares well to DFT binding energies and works of separation for Ag on a ZnO surface. The potential was then used to model single point Ag deposition on polar (0001) and non-polar (1010) orientations of a ZnO wurtzite substrate, at di↵erent energies. Simulation results then predict that maximum Ag adsorption on a ZnO surface requires deposition energies of  10 eV.
Introduction
Silver has many scientific applications due to its high electrical and thermal conductivity [1] as well as its unique properties as an optical reflector [2, 3] . These properties make Ag perfect for coatings on solar cells and lowemissivity (Low-E) windows amongst other applications [4, 5] . Low-E coatings are used to reduce heat loss through windows via the reflection of infra red radiation. The reflective part of the coatings consist of a silver thin film applied to a seed layer. Zinc oxide is often chosen as the material for the seed layer due to its relatively low cost and semiconductor properties (having a wide band gap of 3.37 eV [6] ) along with a reasonable propensity for Ag growth. There are many thin film layers applied to create a Low-E window coating -often including a tough, scratch resistant layer and an antireflective layer. However, the Ag/ZnO interface is known to be one of the weakest interfaces used within the reflective coating due to its low adhesive energy and large lattice mismatch (⇡ 11%) [7, 8] . An investigation of the adhesive properties of this interface and Ag growth could directly benefit the Low-E window industry. Any improvement in the production of this coating could reduce the amount of Ag used (reducing costs) and increase durability.
To model surface interactions and deposition events at an atomic scale, molecular dynamics (MD) [9] is often a method of choice. In MD simulations, all interatomic interactions are modelled by a potential function. The ReaxFF potential for zinc oxide [10] has proved to be useful in identifying growth mechanisms for ZnO by Blackwell et al. [11] . However, an existing Morse type potential for the Ag-ZnO interaction [12] , fitted to reproduce works of separation, does not accurately predict binding energies.
The purpose of this work is to provide a model for Ag-ZnO interactions that encapsulates important surface characteristics. This model should provide binding energies for Ag on a ZnO surface similar to those found via DFT calculations whilst being computationally inexpensive (compared to DFT). The ReaxFF potential for AgZnO interfaces has been produced and used to model deposition of Ag on polar (0001) and non-polar (1010) ZnO over an energy range from 0.1 to 30 eV, such as might be the case in magnetron sputtering [13, 14] .
Previous modelling of ZnO polar surfaces suggest that O vacancies [15] could be present as a means of stabilising the polar (0001) face. However, small scale structures used for fitting this model agree with experimental results indicating that the O-terminated polar face closely resembles the bulk termination [16] and that no defects other than (1010) steps on the surface appear [17] . Growth has previously been studied on both polar (0001)-O terminated and (0001)-Zn terminated surfaces experimentally [18] as polar surfaces have been shown to be very stable [19] . This model has been fitted to the O-terminated (0001) polar face, (1010) non-polar face and several simple crystal structures, providing a range of structures which can be simulated accurately, because these surfaces were of more interest to our experimental collaborators.
Methodology

The ReaxFF Reactive Force Field
The Reactive Force Field (ReaxFF) potential, developed by van Duin et al. [20] , depends on the bond order of atoms in a system. This potential has proven to be highly transferable, with an ability to describe both covalent, ceramic and metallic materials and their interfaces. The total energy of the system is expressed as a sum of bond order dependent and non-bonded energy terms (Eq. 1).
(1) E bond represents the bond energy between atoms i and j. The potential can also take into account the valence angle terms (E val ), torsion angles (E torsion ), energy contributions associated with lone pairs, (E lp ), under and over coordination (E under and E over ), additional energy penalties (E pen ) and possibly terms are included to account for conjugation e↵ects. All these terms depend on bond order which in turn is determined via interatomic distances from the equation:
where there are distinct di↵erences between contributions from sigma, pi and double pi bonds,
Here BO ij and r ij represent the bond order and the interatomic distance between the ith and jth atom respectively. The r o terms correspond to equilibrium bond lengths and P bo terms are fitted bond parameters given in the supplementary material. The van der Waals and Coulomb (E vdW aals and E Coulomb ) terms are included for all pairs of atoms and are independent of bond order. The Coulomb interaction is modelled by a shielded Coulomb potential where atomic charges are calculated via the Electronegativity Equalization Method (EEM) [21] .
For most systems, when creating a new parameter set for a ReaxFF potential, not all terms in Eq. (1) are deemed necessary. Keeping the number of terms down to a minimum, whilst maintaining a reasonable model, can decrease the computational time needed to run reliable simulations.
As with the original parameter set for zinc oxide, many terms were set to zero yielding the reduced energy expression:
2.2. Fitting ReaxFF Parameters for Ag-Zn-O Systems Equations of state for several crystal structures and binding energies were calculated by DFT using the SIESTA program [22] . To add Ag into the existing ZnO parameter set, Ag, Ag-Zn and Ag-O structures were examined. Cohesive energies were calculated for these lattices when undergoing uniform expansion and some selected distortions (see supplementary material). By using both expanded and distorted lattice configurations in the fitting procedure, bond distances and valence angle energies can be determined. First, simple cubic (SC), body centered cubic (BCC), face centered cubic (FCC) and hexagonal closed packed (HCP) structures for Ag were considered and compared to experimental data where available. To fit parameters for Ag-Zn interactions, three di↵erent atomic ratios were used in simple BCC and FCC structures. Ag 2 O was considered in its natural cuprite crystal formation and is compared to other high symmetry AgO structures so as not to overestimate the stability of other oxidation states.
Additionally, adsorption energies were calculated for Ag atoms positioned on a polar (0001) and non polar (1010) ZnO surface, see Figure 1 . The structures considered incorporated single Ag ad-atoms as well as Ag dimers and trimers positioned in various configurations on the surface. A range of these structures were used for the ReaxFF fitting procedure to help describe di↵usion across the surface and find favourable adsorption sites. Subsurface Ag atoms were also considered when fitting the ReaxFF parameters to describe better the stability of Ag interstitials. Together with fixed parameters from the existing ZnO ReaxFF potential [23] , the new parameter set was fitted by minimising the error:
described by van Duin et al. [24] . In equation (5), x i,DF T and x i,RxF F are the DFT and calculated values respectively. The parameter i corresponds to the weighting of data point i. Initial parameters were taken from the ReaxFF description of Cu/O/H [25] and then optimised against the DFT data.
Computational Details
The quantum-chemical calculations have been performed using Density Functional Theory through the SIESTA package. The treatment of exchange-correlation was done with the Perdew-Burke-Ernzerhof functional [26] . Valence electrons were described using a numerical DZP (double-zeta polarised) atomic basis set while Trouillier-Martins pseudopotentials were used for the description of the nuclei and core electrons [27] . Periodic boundary conditions were applied along the three directions of the space with dipolar corrections along the z-axis to cancel self-interaction between the cells. Equations of state for the smaller Ag and Ag-Zn crystal structures were sampled with a 12 ⇥ 12 ⇥ 12 k-point sampling mesh of the Monkhorst-Pack type to compute the electronic structure in the Brillouin zone [28] with a mesh cuto↵ of 300 Ry. The slightly larger Ag-O crystal structures required a 8 ⇥ 8 ⇥ 8 k-point sampling mesh with a larger cuto↵ of 600 Ry to match convergence. DFT calculations performed on the polar ZnO structure used a method of passivation of the Zn terminated face. This passivation was made by adsorption of OH on the Zn-terminated face.
For the ZnO surface, both the polar (0001) and the non-polar (1010) faces were considered with a similar surface per unit cell i.e. 9.75 ⇥ 11.26Å for (0001) and 10.40 ⇥ 9.74Å for (1010). Previous work has shown surface reconstruction due to the dipole moment however in our model the bottom Zn-terminated layer for the polar ZnO was passivated as in [29] and [30] . Here, a 3 ⇥ 3 ⇥ 1 MonkhorstPack k-point grid was used with a slightly smaller, yet well converged, mesh cuto↵ of 250 Ry to reduce computation time. The relaxation of the silver atom and the two top ZnO layers were performed using the conjugate gradient method [31] until the forces acting on atoms were less than 0.04 eV/Å while the bottom layers were fixed in their bulk position.
The binding energy of the Ag atom on the ZnO surface was calculated using the expression:
where E Ag/ZnO is the total energy of the relaxed Ag/ZnO surface, E ZnO slab the total energy of the relaxed ZnO surface and E Ag bulk the total energy of a single silver atom in bulk FCC conditions, see Table 1 .
ReaxFF Molecular Dynamics
Deposition simulations via MD were conducted using the velocity Verlet algorithm [32] with a corresponding time step of 1 fs. Periodic boundaries were implemented in 
Results and Discussion
The objective for this fitted parameter set is to reproduce equations of state (EoS) for a number of crystal structures and give binding energies for di↵erent surface structures with reasonable accuracy.
Equations of State
For this parameter set to be successful at modelling the surface interaction and growth, DFT and ReaxFF must exhibit a good agreement for cohesive energies and lattice constants. Table 1 shows that the ReaxFF is fitted well to these conditions and is also in good agreement with experimental data for available structures. The largest error occurs for the AgO Rocksalt polymorph with a cohesive energy di↵erence between DFT and ReaxFF at equilibrium of 13%.
As shown in Figure 2 , ReaxFF reproduces very well the equations of state found by DFT. Cohesive energies match for nearly all structures considered. For the pure Ag crystal structures, the energetically favourable configurations fit almost perfectly to the DFT data. The curve for the simple cubic structure is poorly matched but is very high in energy -as such, this disagreement is believed to be acceptable since it will not impact growth simulations. Note that for the HCP structure, the c/a ratio was kept constant at 1.63. Cohesive energies for all three Ag-Zn alloy structures, are also consistent with the DFT data. For silver oxides, the favourable AgO rocksalt is made more stable whilst AgO sphalerite and Ag 2 O cuprite remain similar when comparing the ReaxFF and DFT data. The one slight concern here is the over stability of the rocksalt polymorph and the deviation in the curve though this does not change the relative stability of the three phases. Reducing the stability of the rocksalt polymorph would be at the expense of more accurate surface results.
Equations of state were also compared for a selection of distorted lattice structures, namely for pure Ag in FCC and BCC structures, AgZn in BCC, Ag 3 Zn and AgZn 3 in FCC, AgO in rocksalt and Ag 2 O in a cuprite structure (see supplementary material). The equilibrium lattice parameters found during the uniform expansion calculations were multiplied by 1-in 2 directions and by 1+ in the other direction. Here, is the distortion parameter with values varying from -0.1 to 0.1.
Binding Energies
An important task for the ReaxFF parameter set for our interest is to recreate binding energies and bonding sites for small silver clusters on and just below the ZnO polar and non-polar surfaces. DFT results, shown in Figure 3 , show a relatively high binding energy for Ag on the polar ZnO surface, implying that a high proportion of Ag atoms will stick to the surface after deposition rather than reflect. However, this seems less likely for the non-polar surface in view of the lower binding energies. Thus, accurate adsorption energies are needed for reliable single point deposition statistics. After deposition events, di↵usion of Ag across the surface has to then be considered. Hence, energy di↵erences between di↵erent adsorption sites and positions for Ag atoms must be consistent with the DFT results.
In general, the ReaxFF potential reproduces the binding energies of Ag on the polar and non-polar ZnO surface calculated via DFT well. However, there is a slight tendency for the potential to underestimate the magnitude of the binding energy for the majority of the structures with the exception of one of the interstitial structures. In Figure 3 , structures are categorised into polar surface and non-polar surface to indicate the ZnO surface orientation and 3 structures including subsurface Ag atoms on a polar ZnO substrate are labeled as interstitials. The least favourable interstitial structure describes an Ag atom positioned ⇠4Å deep into the ZnO surface between O and Zn layers. The structure is energetically unfavourable when calculated via ReaxFF compared to other structures examined. However, this is not a concern when simulating low energy deposition simulations as this structure is highly unlikely to occur. The other two interstitial cases describe an Ag atom situated below the first O and Zn layer in a hollow site and below a Zn atom. It is also worth noting that both the DFT and ReaxFF results indicate that it is energetically favourable for Ag adatoms to be dispersed seperately across the polar surface. In contrast, Ag prefers to form clusters on the non-polar surface.
Works of Separation
In order to test the potential further, the work of separation of the Ag-ZnO interface was calculated and compared to previous DFT calculations from the literature [8] . A coherent (1⇥1) Ag(111)/ZnO(0001) interface was considered. To achieve the coherent interface, the Ag lattice was stretched laterally to match the lattice constant of ZnO. 6 layers of Ag (111) positioned above 4 double layers of ZnO(0001) in three high symmetry adsorption sites, see Figure 4 , were considered with a surface area, A, of 600 A 2 . The outermost 2 layers of silver and 2 double layers of ZnO were fixed, such that the interface spacing was optimal, then atoms near the interface were relaxed. Works of separation, W sep , were then calculated via
and compared to DFT values, see Table 2 . In eq. (7), E Ag/ZnO is the total energy of the relaxed structure whilst E Ag slab and E ZnO slab represent the energy of the isolated relaxed structures of the pure Ag and ZnO slabs respectively. Despite the ReaxFF parameter set not being fitted to works of separation, Table 2 shows a very good agreement between ReaxFF and the DFT values from the literature. 
Application: Single Point Depositions
As a precursor to considering how Ag grows on the ZnO surface, the interaction of Ag atoms and Ag 2 dimers with a ZnO surface was investigated. A study into how Ag deposits onto a ZnO substrate at di↵erent depositions energies (ranging from 0.1 to 30 eV) has been carried out via MD simulations. Ag atoms were deposited normal to the surface over the regions shown in Figure 5 . Each Ag atom is initially placed over 10Å above the surface outside of the ReaxFF cuto↵. Here, a sample of 400 separate simulations have been run for each of the 5 deposition energies with the initial atom or dimer placed above the surface. For Ag 2 dimer deposition, the dimer is randomly The results shown in Tables 3, 4 , 5 and 6 have been categorised into 3 di↵erent outcomes: namely adsorb, penetrate and reflect. These labels are su cient to describe low energy impacts of Ag onto the ZnO. The term split in tables 4 and 6 refers to the case when the incoming Ag 2 dimer breaks apart on impact. However, for higher energy deposition simulations (>30 eV), more categories may be needed to describe surface damage caused by Ag collisions.
Ag on ZnO (0001)
The previous calculations indicate that the polar ZnO surface is energetically favourable for Ag adsorption.
For Ag monomer depositions on the polar surface, atoms penetrate only once the deposition energy reaches 30 eV. Deposition events with an energy of  10 eV always result in adsorption onto the surface and around 70% adsorb at energies around 30 eV (while 30% penetrate). Similar results were seen for Ag dimer depositions. It is not until deposition energies increase to around 30 eV that there were penetrating Ag atoms (in this case 92.5% of deposited atoms still adsorb to the surface). For all energies in the range considered, around one third of all dimers deposited split into 2 Ag monomers during the deposition event. Note also, no Ag atoms reflect during these deposition simulations. Figure 6 shows the final resting place of the Ag atoms after impact for energies of 0.1 and 10 eV. The other surface considered is the non-polar (1010) orientation of ZnO. In general, the Ag binding energies on Ag atoms start to penetrate the target surface with deposition energies of 10 eV (much lower than for the polar surface). On the non-polar surface, Ag monomer and dimer depositions yield very similar results with 69% of deposited atoms result in adsorption at 30 eV (which the majority of other atoms penetrating the surface). For deposition energies of less than 10 eV however, all Ag atoms adsorb. There are also cases of reflected atoms at 10 and 30 eV whereas none were reflected in the case of the polar surface. Note that the tendency for dimers to split is less marked than for the polar surface. This is due to Ag atoms in cluster formations being energetically favourable on the non-polar surface. Figure 7 shows the final resting place of the Ag atoms after impact for energies of 0.1 and 10 eV.
Conclusions
A new potential to describe the Ag-ZnO system has been developed. The new parameters were fitted against DFT calculations with the aim of reproducing equations of state for simple crystal structures and Ag on ZnO binding energies. Overall, the fitted parameter set agrees well with the DFT data used within the fitting procedure as well as agreeing with experimental data and calculated works of separation. As a preliminary phase to undertaking growth simulations [37] , single point depositions onto a perfect ZnO surface were also carried out. All low energy depositions (below 30 eV) of Ag onto perfect polar ZnO resulted in adsorption. Similar results were seen when depositing on the non-polar ZnO surface. Ag atoms do not penetrate the surface until energies of 10 eV or more are used. No reflection was seen on the polar surface in contrast to the non-polar case, where a small fraction of reflected atoms is predicted. This indicates that in magnetron sputtering deposition it may be better to use lower deposition energies if a sharp interface between the Ag film and the ZnO substrate is to be maintained.
In practice, foreign adsorbents (including H and water molecules) may be found on the surface during the deposition process but are not considered in this potential. It could be possible to include some contaminates in the ReaxFF potential but this would a↵ect e ciency. 
